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Electric propulsion systems utilize electrical energy to produce thrust for
spacecraft propulsion. These systems have multiple applications ranging from Earth orbit
North-South station keeping to solar system exploratory missions such as NASA’s
Discovery, New Frontiers, and Flagship class missions that focus on exploring
scientifically interesting targets. In an electromagnetic thruster, a magnetic field
interacting with current in an ionized gas (plasma) accelerates the propellant to produce
thrust. Pulsed inductive thrusters rely on an electrodeless discharge where both the
magnetic field in the plasma and the plasma current are induced by a time-varying current
in an external circuit. The multi-dimensional acceleration model for a pulsed inductive
plasma thruster consists of a set of circuit equations describing the electrical behavior of
the thruster coupled to a one-dimensional momentum equation that allow for estimating
thruster performance. Current models lack a method to account for the time-varying
energy distribution in an inductive plasma accelerator.
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NOMENCLATURE

Φ

= Total Magnetic Flux [V*s]

μ0

= Permeability of free space [N/A2]

μs

= microsecond [s]

εi

= First ionization potential of the propellant gas [J]

δa

= Time evolution of the plasma sheet thickness [m]

δm

= Propellant layer mass depth [m]

δs

= Initial propellant layer mass depth [m]

ξo

= Estimated energy loss due to energy sinks

γ

= Specific Heat Ratio for electrons

γA

= Specific Heat Ratio of the ambient gas

γe

= Specific Heat Ratio inside the plasma

ρa

= propellant mass [kg/m]

ρo

= Initial linear mass density [kg/m]

η

= Plasma Resistivity [Ω*m]

B

= Magnetic Field vector [T]

C

= Capacitance [F]

Eθ

= Azimuthal Electric Field [V/m]
x

eo *

= Critical Specific Energy [J/mg]

eo

= Specific Operating Energy [J/mg]

E

= PIT Energy equation [J]

E

= Electric Field vector [V/m]

Ee

= Energy of the electrons [J]

EH

= Energy of the heavy particles (e.g. ions, neutrals) [J]

Emag

= Energy of the nonutilized magnetic energy [J]

Eo

= Total energy [J]

Erad

= Energy of radiation dissipation [J]

F/

= Force with CIV losses [N]

Fj

= The Force along any coordinate line [N]

I1

= Current in Loop 1 (e.g. PIT capacitor and coil) [A]

I2

= Current in Loop 2 (e.g. plasma) [A]

Isp

= Specific Impulse [s]

Jθ

= Current Density [A/m2]

kB

= Boltzmann’s constant [J/K]

KE

= Kinetic Energy, or Thrust [J]

kWe

= Kilowatts electric

L

= Inductance [H]

Lc

= Main coil inductance [H]

Lo

= Main coil inductance [H]

Ltot(z) = Total circuit inductance [H]
mbit

= Mass per pulse [kg]
xi

mc

= Critical Mass [kg]

m0

= Initial mass [kg]

mz

= Mass Accumulation in the z – direction [kg]

M

= Mutual Inductance [H]

MWe = Megawatts electric
Mm

= Molar Mass [kg/mol or kg]

ne

= Number Density for a singly ionized gas [1/m3]

pe

= Plasma Pressure [Pa]

pA

= Pressure of the ambient gas [Pa]

Pe

= Power deposition loss due to the electrons [W]

PH

= Power deposition loss due to the propellant [W]

Pioniz(t) = Energy per unit time to ionize the propellant [J/s]
Pmag

= Power deposition loss due to the magnetic field [W]

Q

= Charge on the capacitor [C]

Qi

= Specific Enthalpy of the propellant [J/kmol]

Re

= External Resistance in the coil and capacitor [Ω]

Rp

= Resistance in the plasma [Ω]

S

= Poynting Vector [W/m2 or kg/s3]

TA

= Temperature of the ambient gas [K]

uem

= Energy density of the electromagnetic fields [J/m3]

umech

= Mechanical energy density [J/m3]

vz

= Velocity in the z direction [m/s]

VC

= Voltage across the capacitor [V]
xii

Vo

= Voltage across the capacitor [V]

Vp

= Voltage of the plasma [V]

Vcrit

= Alfvén Critical Ionization Velocity [m/s]

xj

= Coordinate line [m]

z

= Plasma position [m]

zo

= Initial plasma position/decoupling length [m]
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CHAPTER I
INTRODUCTION OF THE ELECTRIC PROPULSION CONCEPT AND THE
PULSED INDUCTIVE THRUSTER
1.1

History of Electric Propulsion
Electric propulsion thrusters are a type of thruster that utilizes electrical energy to

provide thrust. Electric propulsion thrusters have many applications ranging from northsouth orbit station keeping to solar system missions such as NASA’s Discovery, New
Frontiers, and Flagship class missions that focus on exploring scientifically interesting
targets. Electric propulsion thrusters utilize relatively low thrust, high specific impulse
(Isp) which allows for utilizing less propellant thus lowering initial mass for in space
propulsion. Electric propulsion thrusters consist of three main components. A device to
supply electrical energy to the propellant, a region utilizing a propellant to transform this
electrical energy into kinetic energy, and a nozzle or region to direct this kinetic energy
or exhaust stream away from the system thus providing thrust. There are three electric
propulsion types within this basic system construct. These electric propulsion systems are
electrothermal, electrostatic, and electromagnetic electrical propulsion thrusters. Each
system utilizes electrical energy in a different modus operandi to provide thrust for inspace propulsion.
Electric propulsion thrusters have many advantages over their chemical rocket
counterparts. One of these advantages is the higher exhaust velocity potential of an
electric propulsion thruster. Chemical rockets are greatly disadvantaged as compared to
1

their electrical thruster counterparts when it pertains to achieving high exhaust stream
velocities. Chemical engines are limited in performance because the rockets energy is
limited to the amount of fuel contained within the rocket. Simply stated, chemical rockets
use the energy stored in the propellants to create a hot gas, which then becomes the
working fluid in a heat engine, and is expelled, generating thrust1. This simple design
however contains a fundamental limitation: no more energy can be put into the rocket
than is contained in the propellant flowing into the engine2. The power output of the
rocket is defined by the chemical energy of the propellant. The exhaust velocity, and
thrust of the rocket are defined thermodynamic relationships that cannot be exceeded2.
Because of this fundamental limitation of chemical propulsion, visionaries in electrical
propulsion realized that other means of propulsion were necessary if high exhaust
velocities as well as deep space exploration would be achieved. These fundamental
limitations of chemical propulsion have lead to scientist diligently working to advance
concepts in electrothermal, electrostatic, and electromagnetic propulsion thrusters.
The concept of using electrical energy to provide thrust was first conceived in the
early 1900’s by early visionaries of rocket propulsion such as the Russian born
Konstantin Eduardovitch Tsiolkovksiy (1857-1935), and American Robert H. Goddard
(1882-1945).
In 1903 in the journal Nauchnoye Obozreniye (Scientific Review), No. 5,
Tsiolkovskiy published a fundamental equation for the velocity of a rocket in free space
which is one of the fundamental justifications for the pursuit of electric propulsion
technology2. With this equation, Tsiolkovskiy derives the fundamental relationship for
rockets in which the velocity of the rocket is a function of the ratio of the initial and final
mass of the rocket times the velocity of the particle or exhaust stream of the rocket. This
2

fundamental relationship simply states that a rocket’s velocity in free space (absence of
gravity) is only limited by the combustion or transformation of the rockets propellant into
kinetic energy, and how fast this kinetic energy can be ejected away from the rocket.
This discovery by Tsiolkovskiy indicated how rockets could be developed and ultimately
improved, by increasing the velocity of efflux and improving the rocket’s mass ratio3. “In
this paper he states,” … use electricity to produce a large velocity for the particles ejected
from a rocket device4.”
American born scientist Robert H. Goddard was also a visionary in the
advancement of electric propulsion concepts. Goddard can be credited as the first
American scientist to acknowledge electricity as a future form of propulsion. In 1906
Goddard also an academic physicist, was conducting experiments with electricity and
propulsion4. Goddard who was conducting experiments with cathode ray discharge tubes
made several observations on the nature of his experiments that pertained to electric
propulsion technology. In his notebook, Goddard stated,” charged particles were being
accelerated to great velocities by the electric fields within the tube and yet the tube walls
remained relatively cool5.” Goddard realized that no chemical rocket could withstand the
temperatures needed to accelerate a propellant to these speeds5. He then concluded that
particles accelerated through electrostatic means could be the basis for high-exhaust
velocity propulsion systems5. The 24 year old scientist wrote in his notes,” At enormous
potentials can electrons be liberated at the speed of light, and if the potential is still
further increased will the reaction increase (to what extent) or will radio-activity be
produced4?” Though incorrect with his theory of being able to accelerate electrons to the
speed of light his research into this field became the catalyst for establishing electric
propulsion as a viable method for space propulsion. Based on Goddard’s experimentation
3

with electro-statically accelerated electric propulsion sources, he predicted that electric
propulsion could be used for interplanetary missions. He stated that this space hardware
could be placed into earth orbit with a chemical propulsion engine then utilize an
electrostatic propulsion thruster to rendezvous with the target6. After Goddard’s
discovery of the advantages of electric propulsion, other scientist would soon follow and
help to establish electric propulsion as a viable means for propulsion and space
exploration.
Tsiolkovksiy and Robert Goddard would not be the only pioneers in the realm of
electric propulsion. Born in Hermannstadt, Transylvania and educated in Germany,
Hermann Julies Oberth (1894-1989) was also a pioneer in the realm of electric
propulsion. In his book on astronautics Wege zur Raumschiffahrt (Ways of Spaceflight),
Oberth advocated and foresaw using electric propulsion extensively in the space
environment. He also prophesied that electric propulsion would be used for electro-static
propulsion, and attitude control4.
This paper only gives a brief introduction of the pioneers and visionaries in
electric propulsion. Many scientist and engineers have played a role in the advancement
of this scientific concept. Reference 4 gives a more detailed review of the visionaries of
electric propulsion. The goal of this thesis is to explain a brief history of electric
propulsion and its visionaries, but more importantly to discuss the advancements that
make electric propulsion a viable option for deep space propulsion. In continuance with
the knowledge and direction of the pioneers of electric propulsion, The Pulsed Inductive
Thruster (PIT) is an electromagnetic propulsion thruster that is advancing electric
propulsion technology for deep space scientific exploration.

4

1.2

How a Pulsed Inductive Thruster works
The focus of this thesis is an electric thruster variant known as a pulsed inductive

thruster (PIT). The PIT, an example of which is shown in Figure 1.1, is a type of
electromagnetic thruster that induces an electrical current in an ionized gas (plasma), this
current interacts with a time varying magnetic field which generates a Lorentz body force
that accelerates the plasma thus providing thrust for space propulsion.

Figure 1.1

PIT MkV Structure7.

In a PIT MkV, a power source supplies a current through the coils of a ring to
induce ionization in a propellant. The current is supplied from a capacitor which has
stored electrical energy converted from a power conversion source. This power
conversion source is connected to the power source. The power source for small PIT
power requirements, usually on the order of 10 kWe, solar panel or Radioisotope
thermoelectric generator (RTG) technology are feasible options. For larger power
applications, up to 10 MWe, a space nuclear reactor is the most feasible power source.
Pulsed inductive accelerators operation can be conceptually understood by
considering two conductive rings. In the two-ring accelerator configuration, the current is
induced in the plasma as a closed ring. This closed ring is then accelerated away by the
5

fields of the changing current that caused the induced current in the plasma7. In Figure
1.2, the capacitor sends a current via pulses through the ring to the extent that the ring is a
perfect conductor, it forbids the passage of any net magnetic flux through itself, and so
the magnetic field lines set up by the primary circuit are forced between the coils7.

Figure 1.2

Repulsion of two coupled rings with magnetic field lines7.

In Figure 1.3, this causes an increase in magnetic pressure (fields) that ultimately
forces the coils apart by accelerating the ring on the right (e.g. plasma) away from the
electromagnetic field system.

Figure 1.3

Repulsion of two coupled rings7.
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This force can be described mathematically.
Eq. 1.1
The second coil is created from an induced ionization of the gaseous propellant,
from the current created in the primary coil. In Figure 1.4, current moving through the
PIT MKV coil liberates electrons in the propellant thus ionizing it into plasma.

Figure 1.4

PIT MKV operational sequence7.

This propellant can be any gaseous propellant which is easily ionized. However,
propellants types of interest for the PIT need to have a medium molecular or atomic
weight. Very light materials such as hydrogen are ruled out by injection difficulties
associated with its high molecular speed, and low storage density though other light
materials such as Helium have been investigated7. For this analysis, Ammonia (NH3),
Argon (Ar), Carbon Dioxide (CO2), and Helium (He) were investigated, but the main
analysis pertained to argon. The gaseous propellant is dispersed as a mass bit per pulse
from a center hub\nozzle over the coil face in a vacuum environment.

7

The most extensive knowledge in PIT has been done on the PIT MkV. The PIT
MkV is a culmination of close to 30 yrs of research and development. This thruster
represents the state of the art in pulsed inductive thruster technology. The PIT MkV was
designed and optimized for Isp’s of 5000 s and greater7. This is an ideal performance
range for interplanetary travel. The thruster’s main components are the energy source, the
coil face, and the center hub. The energy source is any external power source ranging
from solar electric, RTG, or a space nuclear reactor. The electrical energy is stored in a
capacitor bank which supplies pulses of electrical energy from spark-gap switches to the
primary coil. To avoid decoupling of the propellant gas, the gaseous propellant must be
ionized and accelerated away from the coil by approximately 3-4 μs. The PIT MkV
requires a significant intensity of electric field to quickly, and sufficiently breakdown the
propellant into a plasma. Research has shown that to produce this electric field, and
preionize the propellant a linear current density rise rate in the inductive coil between 850
to 1500 kA/(m*μs) is required8. The PIT MkV has fractional turns, which allows for
twice the voltage applied to the capacitors to appear across the inductive coil. The
capacitor invokes a unique design known as a “Marx generator” to supply the most
efficient amount of voltage to the circuit. In a Marx generator, some number N of
capacitors are charged in parallel and discharged in series, thus providing an output of N
times the charge voltage7. This design is also known as a “half turn coil.”
The primary coil is a 1 m outer diameter, 40 cm inner diameter spiral half turn
coil. The thruster utilizes an array of half turn coils loop in a spiral pattern throughout the
PIT MkV coil interface. In Figure 1.5, the coils run transversely from the front to the rear
plate at the inner radius.

8

Figure 1.5

Half turn coil arraignment of the PIT7.

In Figure 1.6, the coil system is arraigned by combining nine of these loops,
centered at the axis at a 200 angular separation from the previous coil.

Figure 1.6

Full coil arraignment of the PIT7.

In this configuration, the inward Jθ going into the inner diameter on the front face
is cancelled by the outward Jθ exiting toward the back face. In Figure 1.7, this leaves an
azimuthal Jθ also known as JCoil on the coil face which supplies the catalyst for ionizing
the propellant gas.

9

Figure 1.7

PIT firing schematic. Neutral gas-filled region (blue volume) sectioned to
show inner detail9.

The conical hub has a gas valve that disperses the propellant at high speeds. The gas
pulse is short enough in duration that flow from the nozzle has stopped by the time the
leading edge has reached the confining cuff at the outer coil edge7. Once the propellant
has been dispersed and ionized, the plasma leaves the coil face with a translational
velocity up to 50 km/s or an Isp of 5000 s.
A PIT has several conceptual and demonstrated advantages over other types of
electric thrusters because of how electrical energy is utilized to produce thrust. PIT‘s are
electrodeless, making them relatively immune to the contamination, and electrode erosion
issues associated with other thruster types such as ion or pulsed plasma thruster (PPT’s).
Electrode erosion, or degradation, which limits the lifetime in other thrusters are virtually
non-existent in the PIT. The PIT can operate on a wider variety of propellants when
compatibility with metallic electrodes is no longer an issue10. The PIT also has the ability
to operate over a large range of Isp with only minor efficiency losses7. Meaning that the
PIT can operate at relatively high approximately 50% constant efficiency. Furthermore,
10

the PIT as well as pulsed accelerators in general can maintain the same performance level
over a wide range of input power levels by merely adjusting the pulse rate10. This allows
for the thruster to be used with different power system platforms ranging from solar to
nuclear power. These are just some of the advantages that make the PIT a viable
candidate for deep space scientific exploration.
1.3

Purpose of this thesis
The purpose of this thesis is to continue to advance the research and performance

of the PIT.
1.3.1

Enhance simple 1-D acceleration model to include losses observed in
experimental data and more detailed 2-D MHD simulations
In PPT as well as PIT research, work has been investigated to create a 1-D circuit

model to describe and simulate the response of the thruster system. These models
typically consist of a circuit equation coupled to a 1-D momentum equation in which
propellant is accumulated, or “snowplowed,” by a current sheet that is accelerated by the
Lorentz body force10. The major difference between the PPT and the PIT 1-D model is
the fact that the PIT model must contain a second, inductively coupled circuit in the
circuit equations to account for the plasma sheet. Though extensive work and research
has been done on PPT technology to derive and determine the physics of the thruster, PIT
circuit models were derived and matched mostly from observations from experimental
data.
In the PIT circuit model, a set of coupled first-order differential equations
estimate the thruster performance (i.e. exhaust velocity and thrust efficiency). With a
better understanding of the thruster’s performance under different conditions, PIT
11

research can advance and more efficient, enhanced thrusters can be designed and tested.
The PIT equations are derived from an equivalent circuit to the inductively coupled coil
and plasma discharge. The goal of this thesis is to enhance the 1-D acceleration model to
include losses due to mechanisms not previously investigated. While energy expended on
acceleration and the generation of the magnetic fields are accounted for in the model, the
model does not account for the energy sinks corresponding to plasma radiation and
electron and ion heating. These energy sinks correspond to the energy losses observed in
experimental data. This phenomenon can be accurately described as a near constant thrust
efficiency for these thrusters over a range of mass bits per pulse, and the precipitous drop
in efficiency below a certain mass bit per pulse threshold at lower discharge energy
levels11. This experimentally observed effect is known as the Critical Mass Phenomenon.
1.3.2

Allow for performance modeling without the need to resort to more
complex MHD simulations
The derivation of performance modeling equations which include terms for the

energy lost due to energy sinks will become a valuable tool for PIT performance analysis.
Previously in PIT performance modeling, advance plasma modeling software was needed
to simulate the PIT’s performance. Traditionally, MACH2 was used to calculate the
PIT’s performance. MACH2 is a time-dependent, two-dimensional, axisymmetric, multimaterial code that can be applied to problems of complex geometries12. MACH2 can
assimilate plasma dynamics into specified thruster geometries given certain boundary
conditions, and then calculate this plasma behavior within the PIT firing sequence.
MACH2 however is a complicated program requiring the values for many variables to
determine how the plasma will react within the specified geometries. The MACH 2
numeric model requires a variety of circuit models, and a functional relationship for the
12

equation of state. This equation of state model is usually tabular data incorporating
thermodynamic properties, transport coefficients, and the average ionization state under
local thermodynamic equilibrium13. These data have proven to be at times inadequate for
PIT simulations13. These values depend on the type of gas as well as how the gas is
ionized and the calculations can be very complicated and are often approximated.
Because of the complexities associated with the MACH2 code, it is most desirable to
derive a simplified model that can match the accuracy of MACH2 to PIT simulations and
also accurately incorporate The Critical Mass Phenomenon within the model.
This “critical mass” level has been correlated to the Alfvén critical speed
observed in magnetoplasmadynamic (MPD) acceleration14. The Alfvén critical speed or
also referred to as the Alfvén Critical Ionization velocity is a phenomenon in plasma
physics where a neutral gas moving with a plasma reaches a critical speed in which the
gas must then become fully ionized. This means that once this speed is attained, no more
energy can go into increasing the velocity of the gas until the gas has become fully
ionized. In the MPD thruster this critical ionization velocity has affected the thrusters in
performance limitations, electrode ablation, voltage fluctuations, and data scattering14. In
the PIT, this critical mass level affects the thruster in similar ways. Experimentally,
operation below this critical-mass value was accompanied by incomplete breakdown and
ionization, enhanced data scatter, and a decrease in efficiency14. These breakdowns have
been predicted with some accuracy with the MACH2 code. However, it has also been
suggested that this phenomenon is accompanied by additional physical processes because
MACH2 code does not include plasma breakdown models14.
Previous PIT data has shown that these abrupt drops in efficiency have been
attributed to an incomplete breakdown of the plasma at low energy levels. The problem
13

was thought to be the lack of understanding of the plasma physics at these energy levels
thus attributing the cause to the physics of breaking down the plasma. However, these
abrupt drops in efficiency are very predominant at energy levels below the critical mass
level. Thus the PIT performance data has shown that at these lower energy values the
data exhibits an exponential drop in efficiency. This data leads to the thought that the
phenomenon is associated with the critical mass level of the thruster’s propellant and the
role of the energy utilization at this critical mass level. Current PIT models lack a method
to account for the time-varying energy distribution in an inductive plasma accelerator.
With a method to account for the energy distribution in the thruster, other inductive
plasma accelerator phenomena can then be more easily understood. In particular, is the
goal of understanding the near constant thrust efficiency of the thruster data over a range
of mass bits, and the precipitous drop in efficiency below a certain mass bit threshold at
lower discharge energy levels12.
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CHAPTER II
BACKGROUND
2.1

PIT MkV performance data
In previous PIT MkV analysis, significant trends have been observed in the PIT

data. In Figure 2.1, these trends show significant losses in performance at certain energy
levels in the experimental data.

Figure 2.1

Comparison of MACH2 to experimental data13.

Comparisons of MACH2 predicted effective exhaust velocity Ue = I/m to experimental
data as a function of specific operating energy eo =Eo /m for stored energy Eo = 4608,
4050, and 2592 J13.
As in Figure 2.1, the chart shows significant drops in exhaust speed at the 2592 J
power level. These significant losses in exhaust velocity at low energy levels are much
lower than predicted by the MACH2 model. These performance losses are believed to be
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caused by energy being deposited into internal modes of the plasma and an incomplete
breakdown of the gas into plasma at low energy levels. This energy depletion
phenomenon at relatively low mass levels affects the performance of the thruster,
lowering efficiency and exhaust speed. This “critical-mass” level affects the performance
of the thruster by depleting the available energy for providing kinetic thrust and instead
transferring this energy into the internal modes of the thruster. These internal modes
include the plasma radiation, electron, and ion heating.
PIT MkV data has shown that this mass bit, or “critical-mass” as discussed
previously, has been associated with a critical energy for a given propellant mass. Once
the operating energy is equal to this critical energy, the energy is then transferred from
kinetic energy to the internal modes of the plasma. This critical energy is a function of
the propellant’s ionization energy. Though the ionization energy varies from propellant to
propellant the trend is the same for any given propellant. PIT MkV data has shown that
the efficiency steadily increases until a critical energy is attained wherein the
experimental PIT’s efficiency proceeds to dissipate. In figures 2.2 & 2.3, this
phenomenon occurs regardless of propellant type, or mass bit.
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Figure 2.2

Efficiency comparison of the idealized MACH 2 model to experimental
data for Helium ξ0 = 0.7714.

Figure 2.3

Efficiency comparison of the idealized MACH2 model to experimental
data for Argon ξ0 = 0.7714.
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This trend suggests that there are similar mechanisms for energy deposition regardless of
propellant type, energy level, and mass value14. This assumption is further validated by
examining the PIT’s effective exhaust velocity data.
When analyzing the PIT MkV effective exhaust velocity data as in Figures 2.4 &
2.5, it can be seen that for Argon, Ammonia, Helium, and Carbon Dioxide propellants the
fraction of the total available energy expended in resistive heating and stored in the
magnetic field before ionization onset is independent of the propellant mass and energy
level14.

Figure 2.4

Exhaust speed of an idealized model to experimental data for argon
propellant ξ0 = 0.7714.
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Figure 2.5

Exhaust speed of an idealized model to experimental data for ammonia
propellant ξ0 = 0.6914.

This phenomenon can be modeled with MACH2 code. This trend between the modeled
and experimental data in the PIT further imply that there are common mechanisms
consuming energy regardless of propellant type or amount of propellant.
2.2

Critical Ionization Velocity (CIV)
As mentioned earlier, the energy lost in the PIT can be compared to the Alfvén

critical speed. In the PIT the phenomenon has been described as a Critical Ionization
Velocity (CIV) wherein the operating energy is commensurate to the propellant
ionization energy such that a rapid deposition of energy into internal modes ensues
without significant contributions to kinetic energy14. These energy sinks were seen
regardless of the energy level of the system above the critical mass point. The internal
modes (e.g. energy sinks) of the propellant include ion and electron heating, ionization,
radiation, and nonutitilized magnetic energy. Previously the energy accounted for by
these energy sinks was estimated at 0.75 of the total energy above a certain critical
19

energy level14. The observation of this critical mass phenomenon in experimental analysis
has led to the derivation of approximation equations to match the experimental
performance of the PIT.
These dominant energy sinks were derived and put into MACH2 for MHD
simulations14.
Eq. 2.1
Wherein the electron Ee, heavy ion EH, magnetic field Emag, and radiation energy
sink Erad are written. The critical mass mc, of the PIT is a function of Eo, the total energy
available to the thruster14.
∗

Eq. 2.2

1

However, Eo is dictated by the energy remaining after deposition to the energy
sinks. This knowledge leads to the derivation of the critical specific energy eo*, for a
given propellant at an energy level14.
∗

Eq. 2.3

1

These derived equations established the baseline for MACH2 simulations of the
PIT. These generic equations were then implemented into MACH2 simulations to
compare to the observed data of the PIT.
∑

Eq. 2.4

1

These simulations calculated PIT energy fraction losses utilizing the standard
assumption of

= 0.75 for the energy sinks. In Figure 2.6, the derived equations were in

good agreement with the experimental data.
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Figure 2.6

Calculated energy fraction ξ deposited to energy modes

Calculated energy fraction ξ deposited to energy modes other than kinetic energy for
helium propellant at Eo = 900 J. The solid line represents equation (2.4)14.
Equation (5) was examined further and an equation for the energy sinks of each atom was
then derived. A relationship accounting for the energy deposited into each atom is given
by
∑

∗∑

Eq. 2.5

1

Equation (2.5) allowed for the calculation of the PIT efficiency performance for
several propellant types. After modeling this equation in MACH2 with a constant value
for ξo, it was shown that the fraction of the total available energy expended in resistive
heating and stored in the magnetic field before ionization onset is independent of the
propellant mass and energy level14. This means that for the propellants under study (e.g.
Ammonia, Helium, Argon, and Carbon Dioxide) the efficiency would not exceed 23%
regardless of propellant-mass value and energy levels, with the exception of ammonia
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which exhibited a maximum of 31%14. The PIT operating with ammonia propellant only
exhibited 50% efficiency at higher energy levels14.
The agreement of the derived equations to the experimental data is an important
starting point for PIT performance analysis and optimization. The agreement of the two
methods proves that these energy sinks depositions exist and that they can be calculated
with a level of precision in mathematical simulations. This understanding leads to the
goal of focusing on defining a precise equation for the energy loss due to these energy
sinks. This in turn will lead to better PIT performance data which ultimately leads to
better PIT designs and operating conditions. The goal of this thesis is to derive an energy
equation that accurately describes losses due to these mechanisms to obtain the overall
goal of improving PIT performance, and making the PIT a more viable choice for electric
in-space propulsion.
2.3

Aim of this thesis is the incorporation of this insight into the pre-existing 1-D
acceleration model so it can be used to estimate thruster performance and
provide insights without the use of full MHD MACH2 models
The multi-dimensional acceleration model for a pulsed inductive plasma thruster

consists of a set of circuit equations describing the electrical behavior of the thruster
coupled to a one-dimensional momentum equation. The coupled first-order ordinary
differential equations within the acceleration model allow for estimating thruster
performance. This performance data is then used to optimize and enhance the overall
performance of the PIT. As stated earlier, the goal of this thesis is to enhance the
usefulness and power of the 1-D acceleration model. Using the physical insights observed
in the experimental performance of the PIT and relating the phenomena observed to the
already ascertained knowledge gained from the CIV phenomena, equations can be
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derived to quantitatively calculate the energy loss due to these energy sinks at the critical
mass level.
To derive an equation that would accurately capture these phenomena, insight
from MPD acceleration as well as computer modeling was needed to understand the
plasma physics involved in thrust development within the PIT. This work entailed
singling out which plasma physics factors were most important in kinetic force
production. Also this meant determining which factors of the propellant and plasma did
not play pivotal roles in transformation of energy to the energy sinks.
As seen in previously listed equations, the process of analyzing the behavior of
plasma in a PIT is a complex and non rudimentary task. In the MACH2 code, many
complex equations and plasma physics data are required to solve a PIT performance
scenario. These complex equations include a complete mass continuity and momentum
equation for the plasma, and knowledge of the evolving magnetic field around the coil
face that requires information on the electron-neutral collision for weakly ionized gases.
Furthermore, MACH2 requires functional relationships for the equation of state of the
propellant. These equations of state use data which includes thermodynamic properties,
transport coefficients, and ionization states under local thermodynamic equilibrium. This
data is sometimes inadequate to accurately simulate certain PIT operation scenarios. In
such cases, models must be created then converted to the proper format necessary for
MACH2 simulations. Though MACH2 is a reliable and versatile tool for estimating PIT
performance, these inherent difficulties make working with this complex program
difficult, and time-consuming. Therefore simplified methods were needed to make PIT
performance analysis easier, and more efficient.
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One of the important goals of this thesis is to use the simplicity of the 1-D
acceleration model to estimate the PIT’s performance without the need for highly
complex software such as MACH2. These rudimentary yet computationally accurate 1-D
acceleration equations will allow for accurate determination of PIT performance without
the need for complex plasma physics equations, or the creation of specialized modeling
equations for any particular propellant type.
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CHAPTER III
PHYSICAL MODEL
3.1

1-D Acceleration Model Review
A PIT can be modeled through a set of electrical circuit equations coupled to a

one-dimensional momentum equation. In Figure 3.1, the 1-D acceleration equations are
modeled after a Resistance, Inductance, Capacitor (RLC) equivalent circuit.

Figure 3.1

A PIT equivalent RLC circuit7.

The Pit circuit in Figure 3.1 consists of an external circuit (left) coupled to the
plasma (right) through a transformer possessing a mutual inductance M. the capacitance,
inductance, and resistance of the circuit and plasma are modeled as lumped electrical
elements. Kirchhoff’s circuit law can be applied to each current to produce a set of
equations governing the electrical behavior of the thruster. These equations govern the
currents I1 & I2, together with a statement for the conservation of charge are written.
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∗

∗

∗

∗ ∗

∗

∗

∗

Eq. 3.1
Eq. 3.2
Eq. 3.3

The total inductance presented to the circuit is a function of the plasma’s distance
from the coil, z. An analytic expression for L(z) does not exist, however an approximate
function has been generated empirically. The total circuit inductance as a function of
plasma position obeys the function
Eq. 3.4

1
The second term in Ltot(z) can be used to find the mutual inductance.
∗

Eq. 3.5

∗

Taking the derivative of equation (3.5) with respect to time results in an equation
which governs the time-evolution of the mutual inductance.
Eq. 3.6

∗

An equation governing the velocity of the plasma can be found using equation (1.1).
Another important phenomenon within the PIT is the snowplow affect. The
snowplow effect is the thrust inducing occurrence within the PIT wherein the current
sheet moves through the ionizing propellant entrapping, and pushing the propellant gas
away from the coil face. Using the current I1 and taking the z-derivative of the total
inductance function in Equation (3.4), the electromagnetic force applied to the current
sheet can be written as
2
1

Eq. 3.7

2

This force is equal to the rate of momentum change
∗ 21
2∗

Eq. 3.8

2
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Rearranging equation (3.8) where the first term on the right hand side represents the
entraining “snowplowing” of mass encountered by the moving current sheet while the
second term represents propellant acceleration permits the writing of the equations of
motion for the plasma.
∗
∗

Eq. 3.9
Eq. 3.10

The rate of mass accumulation of the plasma sheet is a function of the propellant density
encountered by the current sheet, and can be written as
Eq. 3.11

∗
Where ρA is the linear mass density

This mass accumulation is the reason for the snowplow effect which is caused by the
entraining of the propellant as the current sheet moves through the ambient gas. To
determine the density of the plasma as a function of plasma position an approximation
equation is needed. While the distribution is never entirely uniform over the coil, a simple
model having a uniform and linear density drop from the coil surface to zero at a distance
δm (approximately 3-5 cm) is a good estimation7. These experimental measurements
show that the propellant follows a triangular mass distribution given by
1

Eq. 3.12
0
Finally, equation set (3.1-.3), (3.6), (3.9), (3.10), and (3.11) with the density condition
make up the simplified 1-D acceleration model are given by.
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∗

∗

∗

Eq. 3.13

2∗
∗
∗

∗
1

Where
0

In order to employ a simplified model for the PIT, the \ PIT model must utilize
important assumptions to allow for the negation of the more complex variables needed in
the MACH2 plasma physics model. The simplified PIT equations assume that the
electron temperature is uniform, and constant throughout the plasma. These assumptions
negate the need for knowledge of the Joule heating as a function of both position and
time necessary to determine the electron temperature utilizing more complex methods. It
is assumed that the plasma resistivity is nearly density-independent and uniform;
however, the total resistance of the plasma current sheet is not. Therefore, it will be
inversely proportional to the thickness of the plasma ring, and increases by classical
diffusion during acceleration7. It is also assumed that the plasma is fully ionized once the
acceleration time has commenced7. Furthermore, the accelerating plasma is thought of as
having two distinct phases. The first phase is the acceleration of the plasma in which the
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bulk of the plasma traps more of the plasma, referred to as the snowplow affect. This
mass then accelerates as a bulk, or “slug” mass away from the coil face in which the
plasma sheet’s density drops linearly from the coil surface to zero a few centimeters away
from the surface7. These assumptions though necessary allow for shortcomings within the
model that will be discussed in further detail in the Shortcomings section of this thesis.
3.2

The PIT MkV’s initial conditions and fixed parameters
To analyze and optimize the PIT, the thruster’s performance must be calculated

under different initial conditions. In the more complex PIT simulations information about
the radiation, electron temperature, and magnetic behavior of the plasma as a function of
time were needed to calculate thruster performance. However, in the simplified 1-D
equations, previously mentioned assumptions such as assuming that the electron
temperature is uniform and constant throughout the plasma allows for the 1-D equation
set to be utilized while negating the need for the more complex plasma physics
information. Furthermore, previous knowledge gained while testing and optimizing this
thruster have allowed for initial conditions that have proven successful when working
with the PIT.
Based on design requirements for the PIT MkV, the capacitor bank has a
capacitance, C, of 9 μf and a bank voltage up to 32 kV7. The initial inductance of the coil
is obtained from experimentation and experience from working with the PIT. As
mentioned earlier in the Chapter 1-D Acceleration Model Review, experimental
observations led to an empirical formula for the inductance as a function of plasma
position. This was done by placing an aluminum sheet over the coil at a succession of
spacings. This analysis led to the formulation of the empirical equation for determining
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the total inductance of the system. This analyses led to the nominal value for the
unloaded coil inductance of Lc = 660 nH. From this empirical equation the external
inductance generated by the plasma was also analyzed and determined to be Lo = 80 nH.
The thruster also has a decoupling limit in which the plasma becomes detached from the
coil system and dissipates into the environment. This decoupling length, zo = 7.5 cm, was
used in the 1-D simulations. The propellant layer mass depth δm was also approximated as
5 cm. This approximation was important in establishing the parameters for the snowplow
effect as illustrated in equation (3.8). Furthermore, measurements of the decrement of the
oscillations in the inductance measurements has also allowed determination of the
effective circuit resistance, Re = 5×10-3 Ω7. These fixed parameters were initially
implemented into the MATLAB model to evaluate thruster performance.
Other initial conditions for the thruster were also needed for accurate 1-D
calculations. These initial conditions evaluated the thruster starting at the initial time of
t=0. Since this thesis is presenting a new equation to the acceleration model, the model
utilized several initial condition scenarios to determine how much and to what extent
certain factors would play in the final energy equation and the performance of the thruster
under these conditions. These factors included the electron temperature, and the mass per
pulse of the propellant into the PIT. The initial conditions implemented will be discussed
in more detail in the Results Chapter of this thesis.
3.3

Derivation of the CIV sink
In order to quantitatively apply losses causes by a CIV sink, first it must be

determined how much useful energy is being transferred into unusable constituents, so
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that a useful and accurate equation can be derived. Recalling equation (2.1), an energy
sink equation was derived wherein the dominant energy sinks were defined.
Eq. 3.14
This thesis attempts to improve on this equation set and further quantifies the
effects of the energy sinks on the thruster. Beginning by modifying the previous equation,
relationships were analyzed to derive more developed equations to describe the energy
sinks which contribute to the performance of the PIT.
Eq. 3.15

In this equation, Ee and EH are the internal sinks of the plasma itself, and KE is
the kinetic energy also known as the thrust of the engine. This KE is the only useful work
energy that can be extracted from the system. Emag is the energy lost due to creating and
sustaining the magnetic field, Erad is the energy released as light emissions from the
plasma. This same equation can be written in terms of the power loss to each energy sink.
Pin = Pe + PH + Pmag + Prad + PKinetic

Eq. 3.16

In its current form, several of the power loss terms can be related to equations
given by the 1-D model. The power loss due to the electrons, Pe, can be accounted for in
the I2*Rp term within the equation set. This term represents the voltage drop within the
plasma and is a relatively weak function of the plasma conductivity. The power loss
within the magnetic field, Pmag , is accounted for in the inductances terms within the
equation set. PH and PKinetic are both power loss terms due to the propellant and therefore
must be accounted for in the momentum equation which describes how fast the plasma
moves from the thruster. The power loss due to the radiation is not accounted for in the 1D set and is loss due to light emission. This light emission is in the form of optically thin
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line emissions. Recalling in equation (2.4), there exist an equation that describes energy
loss due to any propellant. As compared to equation (2.1), both equations describe an
energy sink, and can be compared to each other as seen by
∑

Eq. 3.17

1

By writing the equation in this form it can easily be seen that the initial energy sink loss
ξo is a function of Ee, Emag, Erad, because the energy loss due to the heavy species is
accounted for in the specific enthalpy over the molar mass term for a given propellant.
Recalling the Alfvén Critical Ionization velocity mentioned early in this thesis
wherein once the critical speed is attained, no more energy can go into increasing the
velocity of the gas until the gas has become fully ionized. The critical ionization velocity
can be related to the energy sink equation (2.4).
Equation (2.4) can be written to show the relationship between the Alfvén Critical
Ionization velocity and the propellant type as a function of the initial energy.
Eq. 3.18

1

When compared to equation (2.4), both equations show a component which
increases exponentially thus putting a limitation value on the result of the equation. In
equation (2.4), this limiting factor is the specific enthalpy of the propellant as a function
of the molar mass. Meaning for a certain propellant, as the initial energy increases more
of the power is absorbed by the internal elements of the propellant thus becoming unable
to provide usable energy for work. In equation (3.18), the exponential increase which
causes the limitation on the equation is governed by the critical velocity as a function of
the velocity of the plasma. As seen in equation (3.18), this means that as the plasma
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velocity approaches the critical velocity, the power input is directed into ionization of the
plasma and not into any useful work.
Eq. 3.19
Investigating the rate of work done by the plasma it is possible to investigate the
power instilled into the heavy particles of the propellant. The kinetic energy of the
plasma is analyzed in a coordinate direction and the power instilled into the heavy
particles for acceleration can be obtained
2

2

2

2

∗

∗

Eq. 3.20

As the plasma accelerates towards the critical ionization velocity, more power is
consumed by the plasma to ionize all of the propellant gas. Therefore, knowing this an
equation for the power utilized in accelerating the plasma is written. This equation
contains an exponential power consuming term to account for when the velocity
approaches the critical ionization velocity.
Eq. 3.21

1

To account for the CIV losses, equation (3.20) is rewritten to now contain a term
which quantitatively describes the distribution of more energy into ionization as the
velocity approaches the critical ionization velocity: By taking the first derivative of
equation (3.21), a new relationship is described
2

2

∗ 1

′

Eq. 3.22

∗

where F/ is the force created by the moving plasma, but now with CIV losses
accounted for in the force term. With an equation including CIV losses, the relationship
between the CIV losses and the 1-D momentum equation described earlier in this thesis
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can be derived. The improved momentum equation with CIV losses is derived from both
equation (3.7), and (3.8) but with the addition of a term that accounts for the critical
ionization loss phenomena.
′

∗ 21
2∗

∗ 1

∗

2

Eq. 3.23

Though for this particular analysis the energy equation was not used to
quantitatively study the effects of the CIV phenomena on the thruster, equation (3.23) is a
first step in calculating the CIV affects and its influence on the PIT’s performance.
Further analysis is ongoing to determine if this CIV equation is the most accurate method
to describe the CIV phenomena in a pulsed inductive thruster. Once complete, the CIV
analysis will ultimately be a valuable addition to the previously mentioned energy loss
components when evaluating, calculating, and minimizing performance negating
components of the thruster.
3.4

Revised Acceleration Model
As mentioned earlier in this thesis, a 1-D Acceleration Model describes the

performance of the PIT. However, these equations do not include an energy equation
which describes the power loss due to the different mechanisms of the thruster. .
Therefore, the 1-D acceleration equations must be modified to now account for thruster
properties that were previously assumed or negated.
To begin the revision of the acceleration model, first the physics behind the
propulsion pulse must be reinvestigated. In Figure 3.2, the current sheet is modeled as a
plasma slab moving into an ambient neutral gas.
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Figure 3.2

Current sheet model schematic describing the conditions within and just in
front of the sheet. Where m is the mass accumulation in the z-direction.

As seen in Figure 3.3, the PIT circuit model has been simplified such that only the
major energy loss components are described.

Figure 3.3

Revised circuit model of a pulsed inductive thruster.

However in the revised model, the voltage in the plasma must account for all of
the major mechanisms draining energy from the plasma portion of the circuit. Therefore,
Vp is derived to account for the resistance and the magnetic flux within the plasma sheet.
Eq. 3.24
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However, to solve for the currents in the thruster and plasma, this circuit model is
used.

Figure 3.4

A) General lumped element circuit model of a pulsed inductive accelerator.
B) Equivalent electrical circuit model.

Note that the entire voltage drop to the right of the dashed line in Fig. 3.4B is
accounted for by the plasma voltage Vp. The Conservation of Charge on the capacitor is
the same as in the original 1-D acceleration model.
Eq. 3.25

1

Additional equations necessary for the revised 1-D model are carried over from
the original 1-D equation set. However, some of these equations are slightly modified to
account for changes in the circuit model.
The mass accumulation equation is the same as the unmodified 1-D acceleration
equation (3.11). However the value for the linear mass density (ρo) as seen in equation
(3.12) is calculated differently in the revised 1-D mass accumulation equation. In the
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revised version, ρo distribution is a function of the total propellant mass minus the initial
mass.
2

Eq. 3.26

The plasma position equation remains unchanged from equation (3.10). As stated
earlier in equations (3.7, and 3.8) of this thesis, the equation of motion is used to describe
the snowplow effect entraining the plasma occurring at every pulse. These equations
describe the force needed to entrap the plasma as well as the momentum needed to
continue moving the snowplowed propellant through the ambient gas. However as now
illustrated in Figure 3.2, the momentum equation must now account for the pressure
exerted on the plasma sheet by the ambient gas. After initially assuming a value for the
ambient temperature TA, the ambient gas pressure can be found using the ideal gas
equation of state.
2

2

∗

Eq. 3.27

The revised momentum equation now includes this pressure term and accounts for
the work that the moving plasma must exert against this small but significant pressure
acting against the moving plasma sheet.
∗
∗

Eq. 3.28

After applying Kirchhoff’s law to the revised circuit model loop, the current drop
through the loop for I1, and I2 remain the same as the derived form in equation set (3.13).
However, the revised equation set calls for a time evolving term for the inductance in the
plasma.
Eq. 3.29
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The time evolution of the mutual inductance between the coil and the plasma
remains the same as equation (3.6).
When all of these equations are put together, they make up the revised 1-D PIT
performance equations.
∗

∗

∗

∗ ∗
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∗

∗
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Eq. 3.30

∗
1

Where
0
3.5

Energy Equation
The ultimate goal of this thesis is to derive an equation that quantitatively and

accurately describes the energy loss to the different energy sinks within a PIT. To
accomplish this task, fundamental energy density theory is examined. John Henry
Poynting derived a theorem for the work-energy relationship of electrodynamics.
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Poynting’s theorem states, “the work done on the charges by the electromagnetic force is
equal to the decrease in energy stored in the field, less the energy that flowed out through
the surface.15” This is the basis for the PIT energy equation. The Poynting vector is
defined as the energy per unit time, per unit area, transported by the electric and
magnetic fields15.
Eq. 3.31

≡

The Poynting vector can be thought of as the energy flux density. Poynting’s
vector is now written in its differential form to continue the analysis.
Eq. 3.32

∙

In this form the change in the energy flux density is equal to the change in the
energy density from the fields (uem) and the change in the mechanical energy density
(umech). Equation (3.32) is the foundation for which the energy equation for the PIT is
derived. From equation (3.32), the fundamental relationship in which the energy density
evolution of the plasma for a PIT is written
∙

∙

∙

′

Eq. 3.33

Where ε is defined as
Eq. 3.34

∗

The first term in equation (3.34) is the internal energy density of the propellant
gas, the second term is the gas kinetic energy density of the moving gas, and the final
term is the magnetic field energy density. As compared to its analogous in equation
(3.32), the right side of equation (3.33) is the resistive or ohmic heating term or the
change in the Poynting vector. On the left side of the equation, · (
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∙ ) is the

electromagnetic work done, ·(ε·v) is the net convection of energy into a control volume,
and ·(p·v) is the pressure work (pdV) performed against the current sheet. Similar to
equation (3.19), the electrical power into the plasma is written, but now with an ohmic
heating term.
∗

Eq. 3.35

To use equation (3.33), we must first integrate over the entire plasma sheet
volume wherein E is the total plasma energy.
Eq. 3.36

→

Once this is done the analogous relationship between the available energy and its
utilization within the PIT’s equivalent RLC circuit can be shown.
The derived Lorentz force becomes the electromagnetic work done by the coil to
create the plasma, and the energy needed to move the plasma through the ambient gas.
∙ B ∙

∗

→

∗

∗

Eq. 3.37

The electromagnetic work that is done by the current of the thruster is adding
energy to the system. This work is being powered by the capacitor through the coil into
the current, and into the inductance created from that current. Thus as energy is being
added to the system by the power supply it is being transferred to these components of
the thruster thus making their subsequent energy contributions to the overall system
positive. To integrate the changing energy flux density we must assume that E/ = ηj and
that j is curl free to obtain
∙

Eq. 3.38

⟶
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Though this term is a resistive term because it heats up as the current increases it
also adds heat to the plasma and therefore energy to the system. This can also be
computed as the power deposited resistively into the plasma
2
2

Eq. 3.39

though the total plasma resistance must still be a calculated. The convection of energy
through the control volume which is now the current sheet disk is given by
∙

Eq. 3.40

→

The energy transferred through the current sheet is energy being lost to the
plasma. This means that this entire term is taking energy away from the system and has a
negative effect on the available energy of the system. The first term within the brackets of
equation (3.40) is the kinetic energy of the gas coming into the current sheet from the
perspective of the current sheet. This kinetic energy essentially takes energy from the
plasma thus reducing the energy of the system. The energy loss due to the pressure work
acting against the moving current sheet is also embedded in equation (3.40) as seen by
∙

Eq. 3.41

→

This energy is lost due to the pressure work caused by the ambient gas acting
against the moving plasma sheet. When implemented into equation (3.40) this pressure
work terms is combined with the γA. This term is the thermal energy of the propellant gas
as it is being entrained by the moving plasma sheet. This energy is necessitated to the
ambient propellant gas being entrapped to raise its temperature to the temperature of the
moving plasma sheet. The final term in equation (3.40) is the change in the energy stored
in the inductance of the plasma. However, the inductance of the plasma is an
electromagnetic force that is aiding in the work done by the plasma sheet. This makes the
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overall contribution of the inductance of the plasma a positive contribution to the overall
energy of the system.
To perform the necessary ionization calculations, a more defined representation of
the plasma resistivity was used and compared to the more general and commonly used
Spitzer resistivity model. In Figure 3.5 this real resistivity model has some distinct
differences from the Spitzer resistivity model. Most importantly the separation in the
behavior of the two models at approximately 4 eV.

Figure 3.5

Comparison of Spitzer and real resistivity models

It is important to note that this model is not an initial ionization breakdown
process for a pulsed inductive thruster. Instead this model is for the energy that must be
sunk into ionizing any subsequent propellant that is entrained by the current sheet once it
forms and begins moving. With this model it is now possible to compute the amount of
energy that must be expended per unit time to completely, singly ionize the entrained
propellant.
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After putting all of these physical terms together, an energy equation describing
the energy losses within the PIT is written.
∗

∗

∗

Eq. 3.42

As mentioned earlier in this section, the physical meaning of the energy equation
is more easily seen. The first term is the Lorentz force electromagnetic acceleration work,
the second term is the plasma Ohmic heating, and the third term is the electromagnetic
field energy. All three of these terms are positive because they add energy to the plasma,
however as the magnetic field collapses the time derivative will become negative as the
electromagnetic field energy is removed from the system. The negative terms are energy
that is being depleted from the system. The first bracketed term represents the work
expended accelerating the at-rest ambient gas that is entrained to the current sheet speed.
The second bracketed term represents in part the energy that must be expended to bring
the newly entrained gas to the same plasma state as the rest of the entrained propellant.
The final portion of the second term is the pressure resistance exerted on the sheet by the
ambient gas into which the plasma is moving.
Since the plasma sheet is moving away from the coil as a function of time,
equations must be implemented into the 1-D model to account for the changes in the
system and sub sequentially the change in energy as a function of time. The moving
plasma’s pressure, pe must be updated at every timestep.
2

1
2

2

2

2
1

1
2

2

2
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2

2

Eq. 3.43

As mentioned earlier in this thesis, previous PIT analysis assumed a value for the
electron temperature which leads to a value for the resistance of the plasma. Calculations
of these values are complex and are usually avoided by making assumptions to the model
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that allow for the determination of this resistance without utilizing complex plasma
physics knowledge. This is done by utilizing assumptions of uniform and constant
electron temperature that accord with previous experience7. However, it is possible to
determine the value for the electron temperature, and plasma resistivity by simplified
means. The ideal gas equation of state
Eq. 3.44
is employed to determine the electron temperature for a propellant gas. Wherein the
number density. ne, is equal to physical properties defined by the propellant gas.
2

2

Eq. 3.45

∗

The previous mentioned electron temperature is essential in determining the resistivity of
the plasma. The Spitzer formula can be used to obtain the generalized plasma resistivity.
6

Eq. 3.46

10

The plasma resistivity is necessary to determine the total plasma resistance.
Another necessary component of determining the total plasma resistance is the thickness
of the plasma sheet. If we assume that δs is some initial, finite value of δa at time t = 0,
then the time evolution of the sheet thickness can be modeled as a diffusion process.
2

1

2

Eq. 3.47

For a plasma ring having an outer radius b, an inner radius a, and a thickness δa(t), the
total plasma resistance as a function of time can now be calculated.
Eq. 3.48
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3.6

Shortcomings of the model
The 1-D equation set with the inclusion of the energy equation is a very important

breakthrough in the analysis and improvement of PIT performance. Before the derivation
of the energy equation presented in this thesis, previous 1-D PIT performance data
excluded explicit calculations for the energy lost to the different mechanisms of the
thruster. This was partly done by explicitly assuming a value for the electron temperature
which would thus yield a quantitative match to experimental data and numerical
solutions10. By utilizing this method, the Rp can be approximated and fairly accurate
performance results can be calculated. As seen by the generalized Spitzer equation (3.46),
and the total plasma resistance equation (3.48) the resistivity can change as a function of
time due to the electron temperature thus making accurate calculations for the total
resistance very difficult before the application of the energy equation. Another method is
to explicitly fix the value of Rp thus fixing the value of the energy sink16. This method is
relevant in certain PIT research wherein the variation of the plasma energy sink as a
function of plasma sheet distance is inconsequential. These methods were utilized
because plasma physics investigation of the PIT is complex and requires multiple
resources to accurately represent the mechanisms involved during thruster operation.
Therefore in addition to the other 1-D equations, the energy equation is another asset to
PIT performance analysis. However, there are some shortcomings that are inherit within
the 1-D model for PIT performance investigation that must be mentioned.
To analyze and describe the complex thruster in a simplified circuit model,
assumptions were made for the PIT. In the model, the snowplow effect is assumed to
entrain all of the gas that it encounters. However, in reality only a fraction of the total
available propellant is captured10. The amount entrained depends largely on the plasma
45

properties of the propellant within the current sheet. A very important assumption used in
the 1-D model is that within the model the equations assume that the plasma sheet is
created instantaneously at t = 0, and is complete10. Meaning that the creation of the
plasma is immediate after initialization of the thruster, and the plasma is always
infinitively conductive making it impermeable to the magnetic field emanating from the
coil face16. In reality this is not the case, although the current sheet does form early
during the first half-cycle of the discharge it is not immediate nor is the plasma perfectly
impermeable10. However, experimental data shows that while the plasma in an efficient
inductive thruster is not perfectly magnetically impermeable, the fast high rate-of-rise
current in the coil does create plasma with a high-enough conductivity to significantly
limit the diffusion of the magnetic fields16.
Another assumption of the model is the constant valued lumped circuit elements
of the model. The 1-D model assumes constant values which allows for the operation of
the thruster to be analyzed as a circuit. However, in reality this is not the case because the
exact value for any given element of the PIT is different from point to point within the
thruster. This realization is especially important within the breakdown stage of the gas
into plasma wherein the assumption of constant-value lumped circuit elements is
violated10. Meaning that the plasma properties are not exactly the same throughout the
plasma, in actuality the plasma emulates dynamic properties. In Figure 19, there is
evidence of this within the coil current wherein there is a departure between numerical
and experimental data.
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Figure 3.6

Comparison of experimentally acquired ( ) to numerically generated ( - -)
current traces in the PIT10.

The departure of the numerical from the experimental data especially from the
initiation of the thruster through the first half cycle is thought to be caused by
complexities of plasma breakdown. These plasma breakdown complexities are also
thought to be the cause of the departure at approximately 5 μs which is attributed to a
“crowbar effect” also known as a second discharge forming at the coil face10.
Another shortcoming of the acceleration model is the initial inductance of the
coil. In the model, the inductance of the coil can be calculated in an isolated environment
without any inconsistencies within the measurement data. However, in reality this is not
the case. In actuality the inductance of the PIT is free to interact with anything within its
general vicinity. This interference could be the chamber walls of the experimental
apparatus, the PIT’s capacitor and transmission lines, or any other conductive element
near the thruster16. This interference can lead to a lowering of the overall inductance of
the coil thus lowering the electromagnetic acceleration imparted to the plasma which
results in lower performance of the thruster.
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CHAPTER IV
RESULTS
4.1

Solutions without the Energy Equation
The first scenarios that were investigated were PIT performance without the use

of the newly derived energy equation. This was done so that phenomenon that affects the
overall thruster could be determined and analyzed. The scenarios were all calculated with
argon at 15.759 eV as the propellant gas.
4.1.1

Study of effects of changing plasma resistance on performance
Enhancing the PIT coil’s ability to efficiently ionize the propellant, and utilize

this plasma into useable energy is important in optimizing the PIT’s performance. To
optimize this procedure a better understanding of what factors effect thruster performance
must be analyzed. Since the plasma is electrically conductive it must follow Ohm’s law
and therefore can be affected by changing currents and resistance levels. Therefore
analysis was conducted to determine if and how much the changing plasma resistance
affects the PIT’s performance.
The resistance of the plasma sheet was influenced ranging from 0.0001 to 0.05
Ohms. During this analysis the PIT’s main performance factors were plotted and
analyzed to determine the effect of changing plasma resistance on the thruster. These
performance factors being the maximum current sheet speed, thruster efficiency, and Isp.
The initial conditions for this analysis were that the capacitor voltage was 30,000
V, and the utilization of the nominal values for the external inductance in the plasma and
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the main coil inductance. Furthermore a mass bit of 4 mg per pulse was used for this
analysis.
In figures 4.1, and 4.2, the current maximum sheet speed and the thrust
efficiency are highly affected by the amount of resistance within the plasma.

Figure 4.1

Maximum current sheet speed as a function of plasma resistance.
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Figure 4.2

Thrust efficiency as a function of plasma resistance.

This means that as the resistance increases, a large amount of the PIT’s available
energy is being lost within the plasma thus lowering the overall performance of the
thruster. This is important because these graphs further justify previous explanations for
the decline in thruster performance. As the resistance of the plasma increases the required
powered needed to ionize, and accelerate the propellant also increases. This energy is
being consumed by the energy sink mechanisms within the thruster. These results
establish the fact that the plasma resistance has an affect on the overall performance of
the thruster.
4.1.2

Study of effects of changing electron temperature on performance
This thesis has discussed some of the significant factors that determine the

resistance in the plasma. Determination of the electron temperature is essential in
determining the total plasma resistance of the PIT and ultimately the performance of the
PIT. However, previous research has not stated to what magnitude the electron
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temperature affects the overall plasma resistance. To gauge the effect of the electron
temperature on the plasma resistance, the revised 1-D PIT performance equations were
used to determine the performance trend of the thruster while varying the electron
temperature.
To perform these calculations a real resistivity model representing the plasma
resistivity was used. As seen in Figure 3.5, the real resistivity model calculates the
resistivity as a function of electron temperature. In the Spitzer generalized model, a
significant amount of the heat is deposited into the plasma because the resistivity, and
consequently the resistance remain high. Wherein the real resistivity model the resistivity
drops off significantly at approximately 4 eV. After the establishment of the two models
for the analysis, the initial conditions could be added to the 1-D model. In the first
analysis, the real resistivity model and a constant mass bit per pulse of 4 mg was used
with an initial voltage of 30,000 V. Values for maximum current sheet speed, thrust
efficiency, and Isp are plotted at various electron temperature values. As seen in figures
4.3,4.4,and 4.5, the electron temperature was given an initial value of 5,000 K which
corresponds to 0.43 eV then incremented in steps of 0.5 eV up to approximately 74,000 K
or 6.38 eV.
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Figure 4.3

Maximum current sheet speed as a function of electron temperature.

Figure 4.4

Thrust efficiency as a function of electron temperature.
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Figure 4.5

Specific Impulse as a function of electron temperature.

In figures 4.3, 4.4, and 4.5 the graph starts with a relatively high initial value then
drops immediately. However, the performance at 5000 K is not realistic because the
plasma is not highly conductive therefore making the plasma not a magnetically
impermeable current sheet and unable to provide efficient and reliable thrust. This is
corroborated by examining the current sheet width’s time history wherein the current
sheet width grows too large and too fast during the time period. As seen by the previously
displayed graphs, the thruster continues with a fairly constant current sheet speed, thrust
efficiency, and Isp until approximately 35,000 K these performance values increase than
level off once again. This is because within the assumptions of the model the circuit
response permits more efficient acceleration10. Therefore, within the assumptions of the
PIT, it is feasible for the PIT to have more than one efficient mode of operation.
Three special cases were also analyzed for this model wherein for 6000, 40000,
and 75000 K, respectively, different mass bits, and initial voltage power levels were
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simulated to determine how different electron temperatures at different mass bits and
power levels affect the thruster’s performance. The results analyses are displayed in
Table 4.1.
Table 4.1

PIT Performance at varied mass bits and initial voltage.

1 mg/pulse
Electron
Maximum
Temperature current sheet
Thrust
Specific
(K)
speed (m/s) Efficiency (%) Impulse (s) eta (Ohm*m)
6000
54598
36.8
5566
0.00304
40000
58465
42.2
5960
0.0000383
75000
61804
47.2
6300
1.03E-13

7 mg/pulse
Maximum
current sheet
Thrust
Specific
speed (m/s) Efficiency (%) Impulse (s) eta (Ohm*m)
16880
24.6
1721
0.00304
18289
28.9
1864
0.0000383
21157
38.7
2157
1.03E-13

14k V
Electron
Maximum
Temperature current sheet
Thrust
Specific
(K)
speed (m/s) Efficiency (%) Impulse (s) eta (Ohm*m)
6000
22473
28.6
2291
0.00304
40000
24365
33.7
2484
0.0000383
75000
27198
41.9
2772
1.03E-13

16k V
Maximum
current sheet
Thrust
Specific
speed (m/s) Efficiency (%) Impulse (s) eta (Ohm*m)
26712
31.0
2723
0.00304
28950
36.4
2951
0.0000383
31885
44.1
3250
1.03E-13

For all of the different mass bit scenarios, the initial voltage was 15 kV, and for
the 14, 16 kV cases a constant mass bit of 4 mg was used. Furthermore the initial voltage
is always multiplied by two to account for the Marx Generator configuration. Therefore,
the initial voltage for this analysis was 28, 30, and 32, kV, respectively. As seen by Table
4.1, at 1 mg/pulse, as the electron temperature increases the max sheet speed, thruster
efficiency, and the specific impulse increase. For the special case scenario at 7 mg/pulse,
as the electron temperature increases the max current sheet speed, thruster efficiency, and
the specific impulse also increase. However the max current sheet speed even at the
maximum electron temperature case is less than the lowest maximum current sheet speed
at 1 mg/pulse. Also, the average thrust efficiency is lower when the mass bit is 7
mg/pulse. It is theorized that this affect is because more energy is being used to raise the
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ambient gas to the current sheet speed due to the fact there is more propellant per pulse to
ionize.
For the special case scenario at 14 kV, the max current sheet speed, thrust
efficiency, and specific impulse increase as the electron temperature increases. However
the values are less than the 1 mg/pulse scenario, but greater than the 7 mg/pulse case. At
16 kV, the max current sheet speed, thrust efficiency, and specific impulse increase as the
electron temperature increases. However the values are less than the 1 mg/pulse scenario,
but greater than 7 mg/pulse case and the 14 kV case. It is theorized that this result is due
to the energy being dumped into the energy sinks of the thruster. At the lower mass bit
level, less energy is needed to raise the ambient gas to the current sheet speed, therefore
the gas can be ionized and transformed into kinetic energy more efficiently. However as
the mass bit size increases the internal mechanisms of the thruster play a more dominant
role in the operation of the thruster thus causing the performance of the thruster to
decrease. Furthermore, as the power is increased this additional power is still being fed
into the internal sinks of the PIT therefore the overall performance of the thruster
increases, but is still not better than the scenario with a lower mass bit that exhibits a less
proactive effect of the energy modes.
4.2

Solutions with the Energy Equation
To quantitatively analyze the newly derived energy equation, numerous scenarios

were investigated to understand the PIT’s operation with the energy equation. Since it has
been proven that the electron temperature affects the performance of the thruster, analysis
of how changing the electron temperature affects the energy sinks was thoroughly
investigated.
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4.2.1

Study of the behavior of the different resistivity models on the energy
modes
To analyze the behavior of the Spitzer and real resistivity models on the energy

modes, electron temperature variations were used to analyze the energy modes and how
they compare. For this analysis, both models’ mass bits were varied to determine how the
electron temperature would change. The Spitzer model utilizing the Spitzer equation for
resistivity, and the real resistivity model utilizing a number density of ne of 1021 m-3.
The resulting electron temperature time histories were then compared. As discussed
previously in the chapter, in the Spitzer model a significant amount of the heat is
deposited into the plasma because the resistivity and consequently the total resistance
remain high. It was proven in this thesis that higher resistance results in lower
performance therefore it is important to analyze, and compare how the thruster performs
under the Spitzer, and real resistivity model. The models were compared with the
assumption that a higher electron temperature would result in lower resistivity and
consequently higher PIT performance. In Figure 4.6, the electron temperature for
different mass bits per pulse for the Spitzer model is given.
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Figure 4.6

Electron temperature as a function of time for the Spitzer’s model

In Figure 4.6, it can be seen that as the mass bit is varied from low to high values
the electron temperature decreases first dramatically then sparingly. Furthermore the
behavior of the electron temperature always increases until the temperature finds a
constant value. However in Figure 4.7, the electron temperature for the real resistivity
model behaves much differently.
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Figure 4.7

Electron temperature as a function of time for the real resistivity model.

In the real resistivity model the electron temperature first sporadically jumps
between higher and lower temperature values, but then slowly increases to its final value.
Though the mass bit trend follow the same order as the Spitzer model wherein the low
mass bit has the higher final electron temperature, the real resistivity model peaks at
approximately 5.12 eV, but the Spitzer model peaks at approximately 28 eV. Without
data supporting if extremely high (> 89,000 K) electron temperatures have an effect on
the PIT performance, these figures in and of themselves do not describe the overall
performance of the thruster. However, in figures 4.8, and 4.9, the energy sunk into the
energy modes can be seen for both models.
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Figure 4.8

Energy modes as a function of time for the Spitzer model at 1.2 mg per
pulse and 51,000 K.

Figure 4.9

Energy modes as a function of time for the real resistivity model at 1.2 mg
and 51,000 K.
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In these figures, it can be easily seen that the total plasma energy is always larger
than any specific energy sink due to the fact that the total plasma energy is equal to the
kinetic, magnetic, and pressure energy sinks. Furthermore, the figure also shows the
shifting of energy from one mode to another. This behavior is particularly evident
between the magnetic energy mode and the kinetic energy mode wherein the point where
the magnetic energy mode is over taken by the kinetic energy mode which provides
energy for thrust. When comparing the figures it can also be seen that the total plasma
energy is over 2000 J for the real resistivity model, but the Spitzer model is
approximately 2,000 J. This incorporates to an approximately 2 % reduction in the
performance of the Spitzer model as compared to the real resistivity model.
At 9.2 mg the difference in the energy modes deposition is more distinct. In
Figure 4.10, and 4.11, the energy modes distribution at 9.2 mg per pulse are shown.

Figure 4.10

Energy modes as a function of time for the Spitzer model at 9.2 mg per
pulse and 51,000 K.
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Figure 4.11

Energy modes as a function of time for the real resistivity model at 9.2 mg
and 51,000 K

The Spitzer model shows lower energy deposited into the kinetic energy modes as
compared to the real resistivity model. Also, in the Spitzer model the pressure energy
mode consumes more energy as compared to the real resistivity model. Even though it
was stated earlier in this thesis that the pressure energy plays a small role in the total
energy consumption these graphs show that when a more generalized model is used for
the plasma resistance these less prominent factors can highly affect the performance of
the model. This fact can be seen when comparing the performance of the two scenarios.
When comparing the figures it can be seen that the total plasma energy is slightly
larger in the Spitzer model as compared to the real resistivity model. However this does
not translate to better performance for the Spitzer model. At 9.2 mg and 51, 000 K this
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incorporates to an approximately 5 % reduction in the performance of the Spitzer model
as compared to the real resistivity model.
4.2.2

Study of effects of varying electron temperature on the energy modes
This scenario analyzed the electron temperature ranging from 11,000 to 88,000 K,

and the corresponding trends on the energy modes. The initial conditions for this analysis
were that the capacitor voltage was 30 kV, and utilization of the nominal values for the
external inductance in the plasma and the main coil inductance. The real resistivity model
with argon gas was used with a ne of 1021 m-3. Furthermore a mass bit of 6 mg per pulse
was used for this analysis. In Figure 4.12 at 11,000 K, the major energy sinks and their
associated energy modes are displayed.

Figure 4.12

Energy modes as a function of time at 11,000 K.
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In Figure 4.12, as stated previously, the systematic shifting of energy from one
mode to another is seen. In Figures 4.13, and 33, the time evolution of the electron
temperature as well as the time history of the plasma resistance can also be seen.

Figure 4.13

Electron temperature as a function of time at an initial temperature of
11,000 K.
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Figure 4.14

Plasma resistance as a function of time at an initial temperature of 11,000
K.

This process was done for each electron temperature under investigation. When
comparing this analysis to higher electron temperatures, it is important to recognize that
the increase in electron temperature does not change the behavior of the energy modes of
the PIT. In Figure 4.15 the energy mode distribution at 88,000 K is shown. However in
Figure 4.16, the time history of the plasma resistance has a different behavior as
compared to Figure 4.14 though both resistance levels approach zero over time.
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Figure 4.15

Energy modes as a function of time at an initial temperature of 88,000 K.

Figure 4.16

Plasma resistance as a function of time at an initial temperature of
88,000 K.
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This affect is due to the fact that as the electron temperature increases the plasma
resistivity decreases. Furthermore, even more interesting behavior was observed in the
electron temperature. Utilizing the real resistivity model in Figure 3.5, it was shown that
the resistivity decreases dramatically at approximately 4 eV. This behavior also manifests
itself in the electron temperature time history plot. As seen in Figure 4.13, and 4.17, when
the electron temperature starts at 0.95 (11,000 K), or 7.5 eV (81,000 K) over time the
temperature either rises or drops down to settle at the apparent absolute maximum
temperature of approximately 4.74 eV.

Figure 4.17

Electron temperature as a function of time at an initial temperature of
88,000 K.
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4.2.3

Study of affects of varying mass bit on the energy modes
The next case analyzed with the energy equation was varying the initial mass bit.

The initial conditions for this scenario were that the capacitor voltage was 30,000 V, and
the utilization of the nominal values for the external inductance in the plasma and the
main coil inductance. The real resistivity model was used for argon with a ne of 1020 m-3
with an electron temperature of 4.4 eV (51,000 K). The mass bit varied from 1.2 mg up to
9.2 mg.
After analyzing the data, the trend observed within the data set was that as the
mass bit per pulse increased, the maximum achieved electron temperature decreases as
well as the maximum energy utilized by the kinetic energy mode. This affect is illustrated
in Figure 4.18 where the electron temperatures as a function of time at all of the mass bits
investigated were plotted.

Figure 4.18

Time history of the electron temperature for different mass bits for Argon
gas.
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As seen by Figure 4.18, as the mass bit increases the electron temperature approaches
4.47 eV.
In figures 4.19, and 4.20, as the mass bit increases the total plasma energy profile
changes.

Figure 4.19

Energy modes as a function of time at 1.2 mg/pulse.
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Figure 4.20

Energy modes as a function of time at 9.2 mg/pulse.

At low mass bits levels, the maximum magnetic field energy peaks above 1,500 J.
This allows for more energy to be reallocated to the kinetic energy thus allowing higher
plasma velocities to be attained. However, when the mass bit is at higher levels the other
energy sinks such as the pressure energy play a more significant role in the energy
utilization of the thruster therefore less energy is available for kinetic energy thereby
lowering the performance of the thruster. Thus at low mass bits, the maximum current
sheet speed, Isp, and efficiency are higher as compared to large mass bits. Figures 4.21
and 4.22 further illustrate the agreement of the transformation of energy to the energy
modes at different mass bits per pulse and the correlating effect on thruster performance.

69

Figure 4.21

current sheet speed as a function of mass bit.

Figure 4.22

Specific impulse as a function of mass bit.
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4.2.4

Study of effects of varying initial voltage on the energy modes
The next case studied was to see how the energy modes were affected when the

initial voltage was varied. The initial conditions for this scenario were that the nominal
values for the external inductance in the plasma and the main coil inductance were used.
The real resistivity model was once again used with a ne of 1020 m-3 for argon gas with an
electron temperature of 4.4 eV (51,000 K). The mass bit was held constant at 4.3 mg per
pulse. The initial voltage was once again varied between 14, and 16 kV resulting in total
initial voltages of 28 and 32 kV, respectively.
When the initial voltage was increased from 14 to 16 kV the PIT performance
parameters (e.g. current sheet speed, Isp, thrust efficiency) increased by at least 6%. In
Figure 4.23, at 14 kV the magnetic field energy maximum is approximately 1,250 J
which correlates to a maximum kinetic energy of less than 1,500 J.

Figure 4.23

Energy modes as a function of time at 14 kV for argon gas.
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In Figure 4.24, when the initial voltage is 16 kV, the energy consumed by the
energy sinks is higher.

Figure 4.24

Energy modes as a function of time at 16 kV for argon gas.

However, higher power is not necessarily better because the power losses are
higher when the initial voltage increases. This means that though the current sheet speed
is higher at a higher voltage, overall the efficiency may not be any better because the
additional energy fed into the thruster is still being consumed by the energy sinks that are
governed by the plasma physics that control the propulsive force of the thruster.
Therefore extensive trades must be made between mass per bit, and power available so
that the best conditions can be met to use the thruster depending on the nature of the
mission.
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4.2.5

Study of effects of plasma conditions on the energy modes
The last scenario investigated with the derived energy equation was to calculate

the behavior of the energy modes when the gas moving into the current sheet is already
ionized (e.g. the ambient gas is already a plasma), as compared to the condition wherein
the first ionization energy of the argon must be put into the ambient gas to transform it
into plasma. The initial conditions for this scenario were that the nominal values for the
external inductance in the plasma and the main coil inductance were used. The real
resistivity model was used with a ne of 1020 m-3 for argon gas with an electron
temperature of 4.4 eV (51,000 K). The initial voltage was 15 kV resulting in a total initial
voltage of 30 kV. For this analysis, the mass bit was varied with three values chosen for
the analysis. These mass bit values being 1.2, 6.0, and 9.2 mg, respectively. This analysis
was performed assuming the ambient gas is already a plasma, or when the ionization
energy of the argon gas is necessary.
For the case wherein the ambient gas is assumed to already be a plasma, the
behavior of the energy modes as the mass bit is increased is similar to other cases
investigated in this thesis. In figures 4.25, and 4.26, as the mass bit increases more of the
energy is deposited into energy modes which in turns decreases the energy available for
kinetic energy.
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Figure 4.25

Energy modes as a function of time at 1.2 mg per pulse for argon gas.

Figure 4.26

Energy modes as a function of time at 9.2 mg per pulse for argon gas.
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An interesting behavior at 1.2 mg per pulse for the ionized gas model is that at the
end of the plasma cycle time period the total plasma energy, and the kinetic energy are
approximately equal. In previous observations of the PIT utilizing the energy equation,
this level of approximation has not been seen in any previous plot during the cycle not
including the initiation of the thruster.
In the case where the ionization energy of argon gas is necessary, at low mass
levels the amount of energy deposited into the energy modes is similar to the case
wherein the plasma is already present. As to be compared to its analogous graphs wherein
the plasma is already present, figures 4.27, and 4.28 show the behavior of the energy
modes when ionization energy is necessary at 1.2 mg, and 9.2 mg respectively.

Figure 4.27

Energy modes as a function of time at 1.2 mg per pulse for argon gas
without ionization included.
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Figure 4.28

Energy modes as a function of time at 9.2 mg per pulse for argon gas
without ionization included.

At low mass bit levels, the scenario plots are approximately the same, however as
the mass bit per pulse increases the dissimilarities between the two scenarios are easier to
see. The total plasma energy is very close to 2,500 J when the ionization energy is not
included as compared to the established plasma case. This additional total energy affect
could be due to the additional energy needed to ionize the gas before it can be used for
useful work.
Furthermore, the necessity to somehow utilize the energy that would otherwise be
used to ionize the propellant is evident when viewing the plasma resistive power loss
between the two scenarios. The amount of power loss due to plasma resistivity is greater
when the gas is already ionized.
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Figure 4.29

Energy modes as a function of time with and without ionization energy
included.

This could be due to the fact that energy is still being deposited into the plasma,
however because the ambient gas is already a plasma this energy is being lost to the
system.
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CHAPTER V
DISCUSSION
5.1

Observed behavior from the results
Observations from the preceding chapter are important when optimizing the PIT

thruster for in space propulsion. First it was shown in figures 4.1, and 4.2 that increasing
plasma resistance had a negative effect on the thruster performance. Therefore to improve
the performance of the thruster, the resistance values should be maintained as low as
possible.
It was shown in figures 4.3, 4.4, and 4.5 that the PIT is capable of functioning at
more than one operational level. This is similar to the VASIMR which has the ability to
produce high thrust at relatively low Isp, or low thrust at high Isp depending on the
application. The ability to change performance levels is a feature that can allow the
thruster to be used with not only lower power systems thus lowering mass, but this
feature also increases the missions in which the PIT is suitable. Missions such as human
or cargo transport missions to Mars, or scientific exploration missions to the outer
planets. These types of missions usually require different thrust, and Isp levels. The
analysis of the previous section has also shown that utilizing a relatively small mass bit
achieves a higher performance from the thruster. Recalling that low resistance values
correlate to better performance, data in this thesis has shown that lower mass bits
correlate to higher electron temperatures which also attribute to lower resistance values.
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As seen in the Results Chapter of this thesis, it was shown that the derivation of
an energy equation to quantitatively and thoroughly describe the energy loss due to the
different energy sinks of the PIT was successful in showing differences in the PIT models
that matched trends seen in the PIT’s performance. As also seen in the Results Chapter,
this equation was able to show that whenever the energy deposited into the kinetic energy
sink was high, the thruster had better performance as compared to when energy deposited
into the kinetic energy sink was lower. The energy equation was also able to show
discrepancies between the Spitzer, and real resistivity model. The use of the energy
equation was able to show a more detailed view of how some energy sinks that were
thought to not necessarily have a major contribution, such as pressure energy, in actuality
affect the performance of the model.
When examining how the PIT’s electron temperature was affected by the real
resistivity model, dampening trends were noticed in the electron temperature. The energy
equation was also shown to be very successful in determining the relationship between
energy deposited into energy sinks, and the amount of mass per pulse. The energy
equation showed that as the mass bit was increased the energy profile decreased. This
affect correlated to a lowering of the performance of the PIT. This trend was evident in
other scenarios utilizing the energy equation. Overall the energy equation established
itself as a valuable tool for optimizing and enhancing the PIT’s functionality for a given
mission.
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CHAPTER VI
CONCLUSION
Electric propulsion thrusters are a type of thruster that utilizes electrical energy to
provide thrust. Electric propulsion thrusters have many applications ranging from northsouth orbit station keeping to solar system missions such as NASA’s Discovery, New
Frontiers, and Flagship class missions. Electric propulsion thrusters utilize high thrust,
and high Isp which allows for utilizing less propellant thus lowering initial mass for in
space propulsion. There are three electric propulsion types within this basic system
construct. These electric propulsion systems are electrothermal, electrostatic, and
electromagnetic electrical propulsion thrusters. Electric propulsion thrusters have many
advantages over their chemical rocket counterparts, and are deemed by some scientist and
engineers as the next evolutionary step in in-space propulsion. Many distinguished
scientist and engineers have investigated, improved, and advocated the use of electric
propulsion sources for in-space propulsion. Following in the footsteps of these pioneers
in electric propulsion, the Pulsed Inductive Thruster was designed and is currently being
tested as a next step in electric propulsion utilization.
Pulsed Inductive Thrusters are a type of electromagnetic thruster that has many
advantages over other types of electric propulsion thrusters because of how they use
electrical energy to provide thrust. The most extensive PIT research has been done on the
PIT MKV. The PIT is a type of electromagnetic thruster that induces an electrical current
in an ionized gas (plasma), this current interacts with a time varying magnetic field which
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generates a Lorentz body force that accelerates the plasma thus providing thrust for space
propulsion.
Significant performance trends have been observed in the PIT. Some of these
performances trends have been made analogous to phenomena seen in other types of
electric propulsion thrusters. Complex simulations have been used to understand and
predict these performance trends. The goal of this thesis was to use and improve on the
existing one dimensional model for the PIT to be able to describe PIT performance trends
without utilizing complex software, and plasma physics resources.
To accomplish this task an energy equation was derived that would quantitatively,
and accurately describe energy deposited into energy sinks of the thruster. This derivation
involved an understanding of electromagnetic physics of plasmas to derive an equation
that would describe energy losses due to energy modes governed by plasma physics.
Furthermore, the 1-D acceleration model had to be revised to include the newly derived
energy equation.
After the implementation of the energy equation multiple scenarios were
investigated to determine the robustness and accuracy of the energy equation.
Simulations were run to determine what causes have the most significant role in the
performance of a PIT. Then simulations were analyzed utilizing the energy equation to
determine how the energy modes described in the energy equation were affected by the
different test scenarios. After a thorough investigation of the thruster with the
implemented energy equation it has been concluded that the energy equation is accurate,
and now is another valuable tool in analyzing and improving the performance of a PIT.
Optimization of the PIT with the addition of the energy equation will help to establish the
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thruster as a more feasible option for in-space propulsion for deep space scientific
exploration.
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